The crystal structure of pyruvate phosphate dikinase, a histidyl multiphosphotransfer enzyme that synthesizes adenosine triphosphate, reveals a three-domain molecule in which the phosphohistidine domain is f lanked by the nucleotide and the phosphoenolpyruvate͞pyruvate domains, with the two substrate binding sites Ϸ45 Å apart. The modes of substrate binding have been deduced by analogy to D-Ala-D-Ala ligase and to pyruvate kinase. Coupling between the two remote active sites is facilitated by two conformational states of the phosphohistidine domain. While the crystal structure represents the state of interaction with the nucleotide, the second state is achieved by swiveling around two f lexible peptide linkers. This dramatic conformational transition brings the phosphocarrier residue in close proximity to phosphoenolpyruvate͞pyruvate. The swiveling-domain paradigm provides an effective mechanism for communication in complex multidomain͞multiactive site proteins.
Pyruvate, orthophosphate dikinase (PPDK; ATP:pyruvate, orthophosphate phosphotransferase, EC 2.7.9.1) catalyzes the reversible conversion of ATP, inorganic phosphate (P i ) and pyruvate to AMP, pyrophosphate and phosphoenolpyruvate (PEP) (1) . The enzyme is a large dimeric molecule (monomer molecular mass of Ϸ96,000 Da) that requires divalent cations for its activity. Its mechanism involves three phosphoryl group transfer reactions that are depicted in Fig. 1 (2, 3) . Enzyme phosphorylation occurs on the N atom of a histidine residue (4) (5) (6) , which has been identified as His-455 in the amino acid sequence of PPDK from Clostridium symbiosum, the subject of this study (6) . The pyrophosphoryl enzyme intermediate formed in the first step has been identified so far only in PPDK and PEP synthase, two enzymes with related function and amino acid sequence homology (7) . Another protein with sequence homology to PPDK is enzyme I of the bacterial PEP:sugar phosphotransferase system (PTS). Here again, the homology is linked to functional similarity, because enzyme I is phosphorylated by PEP on a histidine residue (8) .
A variety of biochemical and site-directed mutagenesis studies indicate that the ATP and pyruvate binding sites are nonoverlapping (9) (10) (11) (12) (13) . The nucleotide partial reaction was studied separately from the pyruvate partial reaction by using isotope exchange and transient kinetic techniques (14, 15) . Proteolytic cleavage with subtilisin and covalent binding of radiolabeled substrates established that the nucleotide and P i binding sites span two N-terminal domains (25͞13 kDa) (16) , the PEP͞pyruvate binding site is located on the C-terminal domain (35 kDa) (13, 17) , and the catalytic histidine resides on an 18-kDa domain flanked by the other two.
For phosphotransfer from ATP to pyruvate, the histidine must shuttle between the two binding sites. The model of a ''swinging peptide arm'' that was first proposed by Wood and colleagues (1) to account for the required movement of the catalytic histidine has been further elaborated based on the above information (16) . Two possibilities have been considered. The first invokes torsional angle changes of the histidine side chain. The second envisages a much more dramatic transition with the phosphohistidine domain changing its position such that it alternately interacts with the nucleotide and pyruvate. The refined crystal structure of PPDK from C. symbiosum reported here reveals that in fact the enzyme is exquisitely designed to utilize the second mechanism, as illustrated schematically in Fig. 1 . §
EXPERIMENTAL METHODS
Protein Crystallization. PPDK from C. symbiosum was overexpressed in Escherichia coli and purified (7) . Single crystals of PPDK were obtained at 30°C by vapor diffusion in hanging drops. Protein drops were equilibrated against reservoir solutions containing 50-55% saturated ammonium sulfate and 100 mM Hepes buffer (pH 7.0). The drops consisted of protein at Ϸ10 mg͞ml, 20 mM imidazole buffer (pH 6.5), 100 mM KCl, 0.1 mM EDTA, and 1 mM 2-mercaptoethanol diluted by an equal volume of reservoir solution. The space group of the crystals is P2, with unit cell dimensions a ϭ 89.8 Å; b ϭ 58.8 Å; c ϭ 102.0 Å; ␤ ϭ 94.8°. There is one monomer in the asymmetric unit and the solvent content is Ϸ56% by volume.
Structure Determination. X-ray diffraction data were collected on a Siemens (Iselin, NJ) area detector mounted on a three-circle goniostat, with monochromated CuK␣ x-ray supplied by a Rigaku (Danvers, MA) Rotaflex RU200BH rotating anode generator. Native data were collected to 2.3 Å resolution from a single crystal at room temperature. The data were processed by using the XENGEN package (18) . The multiple isomorphous replacement (MIR) method was used to determine the structure at 2.8 Å resolution. Eight heavy atom derivatives provided useful information for phasing ( Table 1) . Diffraction data were acquired from a single crystal in each case. The computer program packages PHASES (19) and the program MLPHARE (20) were used for heavy atom parameter refinement and phase calculation. The uranyl derivative bound in a single site that was readily identified in a difference Patterson map (close to the postulated Mg 2ϩ site in the PEP͞pyruvate domain). This facilitated interpretation of all other heavy atom derivatives by cross-phased difference Fourier maps. In particular, there are 13 cysteines in PPDK, all of which bound mercurial derivatives. An aged crystal was soaked with ethylmercury phosphate (EMP). Some of the cysteine The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked ''advertisement'' in accordance with 18 U.S.C. §1734 solely to indicate this fact.
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residues may have been oxidized in this crystal, resulting in only 7 mercury sites. Two mutant proteins were prepared. One, with a single cysteine replacement (C831A), bound EMP in 11 sites. A double cysteine replacement variant (C831A͞C828A) bound EMP in 10 sites. This marked the location of the two cysteines and helped start the tracing of the polypeptide chain. Anomalous scattering data were used to establish the correct hand. Only heavy atom sites that refined with significant occupancy values in MLPHARE were included in the phase generation step using either MLPHARE or PHASES. The phase set generated by MLPHARE had a figure of merit of 0.64 and the figure of merit of the phases generated by PHASES was 0.68. The MIR phases were improved by solvent flattening techniques (21) . Both the procedure of Leslie (22) and of PHASES were used. The polypeptide chain was traced while inspecting the two MIR and the two solvent-flattened maps. The molecular model was built on an INDIGO ELAN workstation using the program O (23). The structure was refined with the program X-PLOR (24) by using the simulated annealing slow-cooling protocol at 3000 K and including data between 6.0 and 2.3 Å for which F Ն 2(F). Two cycles of simulated annealing alternated by adjustments to the model on the computer graphics workstation were followed by five cycles of positional refinement and model adjustments.
RESULTS AND DISCUSSION
Quality of the Structure. The current model has a conventional R factor of 0.182 for the 34,662 reflections between 8.0 and 2.3 Å resolution for which F Ն 2(F) (80% of the collected data). The stereochemical parameters are well within the range known from crystal structures of small peptides. The rms deviations from ideal values for bond lengths and bond angles are 0.020 Å and 2.2°, respectively. The model includes 869 of the 874 amino acid residues (the N-terminal methionine and residues 506-509 are associated with regions of low electron density), 369 water molecules, and 3 sulfate anions.
Overall Structure. PPDK is an elongated dimer of approximate dimension of 150 ϫ 90 ϫ 50 Å ( Fig. 2 A) . Each monomer (Ϸ100 ϫ 50 ϫ 50 Å) consists of three independently folded domains ( Fig. 2B ) that correspond to the functional domains identified biochemically. The dimer interface is formed exclusively by the PEP͞pyruvate binding domain and the architecture precludes the possibility of phosphotransfer across monomers. The nucleotide binding site is located Ϸ45 Å from the PEP͞pyruvate binding site. The histidine with the phosphoryl transfer function (His-455) resides on a separate domain, which is linked to the two remote substrate binding domains by two interacting polypeptide segments (Fig. 2B ). In this crystal form, the phosphohistidine domain is in close proximity to the nucleotide binding domain and removed from the PEP͞ pyruvate binding domain.
The nucleotide binding domain can be further divided into three subdomains. One (residues 2-111 and 199-249), with an ␣ϩ␤ fold, includes a five-stranded antiparallel ␤-sheet. An insertion within this domain (residues 112-198) forms a fourhelix bundle. The third subdomain (residues 250-340) adopts an ␣ϩ␤ fold in which a single helix packs against a 5-stranded antiparallel ␤-sheet. Despite the lack of significant amino acid sequence homology, the fold of the first and third subdomains is similar to that of the nucleotide binding domains of several ATP͞ADP-converting enzymes: D-Ala-D-Ala ligase [DDligase (25, 26) ], succinyl-CoA synthetase (27) , and glutathione synthase (28) . Using the program ALIGN written by Cohen (29) The phosphohistidine domain spans residues 390-504 and consists of a scaffold of ␤͞␤͞␣ layers with two 4-stranded orthogonal ␤-sheets. One is antiparallel and the second is parallel and covered by three helices. The two ␤-sheets are somewhat splayed apart to accommodate a third 3-stranded antiparallel ␤-sheet. A related three-layer ␤͞␤͞␣ architecture has been proposed as a folding class in SCOP (30) and so far includes one member, aconitase (31) , which only remotely resembles the fold of the phosphohistidine domain.
The third domain, the PEP͞pyruvate binding domain spanning residues 534-874, forms an 8-stranded ␣͞␤-barrel. The pyruvate binding domain of pyruvate kinase also forms an ␣͞␤ barrel (32), albeit with no significant amino acid sequence homology with PPDK. Comparison of the ␣͞␤ barrel of PPDK with other barrels in the Brookhaven Protein Data Bank using the program DALI (33) reveals that the barrel of pyruvate kinase is structurally the most similar to that of PPDK. The ␣-carbon atoms of the two structures have been superpositioned with a rms deviation of 2.1 Å for 192 residue pairs. Two polypeptide segments connect the phosphohistidine domain to the nucleotide and PEP͞pyruvate binding domains (residues 341-389 and 504-533 highlighted in red in Fig. 2 ). They are partly helical and interact with each other. Segments closest to the start and end of the phosphohistidine domain have high crystallographic temperature factors, and four residues (residues 506-509) are completely disordered in the current model. This local conformational flexibility may be important during phosphotransfer.
Substrate Binding Sites. The location and approximate mode of nucleotide and Mg 2ϩ binding may be deduced by analogy with the DD-ligase structure that has been determined in the presence of Mg 2ϩ ͞ADP and a phosphinophosphate inhibitor (25) , and the Mg 2ϩ ͞PEP͞pyruvate binding mode may be deduced by analogy with the pyruvate kinase structure determined in the presence of Mn 2ϩ ͞pyruvate (32) . The superpositions of these two structures on the respective domains of PPDK highlight the invariant common features that facilitate substrate binding.
Similarly to pyruvate kinase, either PEP or pyruvate can be accommodated close to the center of the ␣͞␤-barrel, at the C-terminal end of the ␤-strands (Fig. 3A) . Clusters of negatively and positively charged residues provide the electrostatic environment to counter the carboxyl and the phosphoryl groups of the modeled PEP and Mg 2ϩ . Small adjustments to the conformation of three side chains have been made to avoid van der Waals clashes and to facilitate favorable interactions between Arg-561, Arg-617, and the phosphoryl group of PEP, and between Asp-769 and Glu-745 and the magnesium cation. The carboxylate moiety of the modeled pyruvate interacts with the N terminus of a short helix, as seen in pyruvate kinase. The residues that interact with Mg 2ϩ , Asp-769 and Glu-745, are invariant in PPDK, pyruvate kinase, PEP synthase, and enzyme I. The phosphoryl group in the model is facing the solvent, poised for an in-line transfer to His-455. Interestingly, Arg-617 is located in an equivalent position to that of the K ϩ in pyruvate kinase, which lacks an arginine pair. Thus, if monocations play a role in PPDK activity, it is not expected to be the same as in pyruvate kinase.
The methylene group of the pyruvate moiety is located close to Cys-831, although the thiol group, seen in the crystal at the apo state, is oriented away from the methylene group. The mutant enzyme C831A, originally prepared for the heavy atom derivative work, cannot accept a phosphoryl group from PEP (34) . The C831A crystal is isomorphous with that of the wild-type enzyme, indicating that the fold is intact. Therefore, Cys-831 must play a catalytic role, most likely by providing the proton to the enolate form of pyruvate. In contrast to pyruvate kinase, where the structural information cannot distinguish between the proton acceptor͞donor role being played by Thr-327 or by Lys-269 (32) , in PPDK Cys-831 is the only candidate. The cysteine occupies a similar position to Thr-327 in pyruvate kinase, and instead of Lys-269 there is a methionine in PPDK (Met-743).
While the PEP͞pyruvate binding site is accessible to the substrate in this crystal form, the nucleotide binding site of PPDK is partially blocked compared with that of the DDligase. A main-chain conformational transition of an ⍀-loop (residues 273-288) is required so that residues 278-280 are removed from a site that should be occupied by the ribose moiety (Fig. 3B) . The loop conformation is expected to be different from that of the corresponding loop in the DD-ligase (residues 205-221), which carries a lysine residue (Lys-215) that interacts with the ␤-phosphate group of the ADP. This is impossible in PPDK because it is the catalytic His-455 that should occupy the equivalent position. A view of the actual loop conformation in the bound state awaits further crystallographic studies.
In the current crystal form, the phosphohistidine domain interacts closely with the nucleotide binding domain and the side chain of His-455 adopts a conformation such that its N atom is buried. However, modeling shows that a conformation accessible to phosphorylation is easily achieved by a rotation around the C ␣ -C ␤ bond. With the exception of this modification, adopted for in-line attack on the ␤-phosphate group of ATP, no other adjustments have been made.
The nucleotide active site depression is lined with several charged amino acid residues, which should form favorable electrostatic interaction with Mg 2ϩ ͞ATP (Lys-22, Arg-92, Arg-337, Asp-321, Glu-323). Moreover, a sulfate ion (Fig. 4) is tightly bound in a site that is occupied by the ␥-phosphate of the modeled ATP. An anionic moiety at this site forms favorable electrostatic interactions with Arg-337 and Lys-22 and with an oxyanion hole comprising the amide groups of Gly-101 and Met-103. The model in Fig. 3B shows the P i interacting with Arg-337 and the Mg 2ϩ , and in close proximity to the ␥-phosphate. An alternative arrangement in which the positions of the P i and the ␥-phosphate group of ATP are swapped is also sterically and functionally possible. With either arrangement, the crystal structure indicates that the nucleotide and the P i share the same active site, thus two of the three partial catalytic steps occur in the context of this domain.
Mechanism for Communication Between the Remote Active Sites. The nucleotide and PEP͞pyruvate binding sites in PPDK are located some 45 Å apart and clearly could not communicate without the phosphohistidine domain playing a gobetween role. Each of the substrate binding sites is located in a depression, whereas His-455 is located on a convex surface of the phosphohistidine domain that can complement concave surfaces. Modeling reveals that shuttling His-455ϳP between the two active sites must involve a dramatic swivel of the phosphohistidine domain so that the histidine is always facing one of the bound substrates for productive phosphoryl group transfer to occur (Fig. 1) . The conformational state corresponding to the interaction between the phosphohistidine domain and the PEP͞pyruvate domain has been modeled (Fig.  2C) . Consistent with other biological phosphotransfer reactions (35) , and similar to the approach taken to model phosphotransfer between the PTS proteins HPr (heat-stable protein) and IIA (36) , an associative pathway has been assumed, with a transition state of pentagonally coordinated phosphorous in trigonal bipyramidal geometry and the donor and acceptor groups at apical positions. Complementary surfaces of the phosphohistidine and the PEP͞pyruvate domains are obtained by pivoting around the extended polypeptide segments of the linker regions while maintaining main-chain dihedral angle values that are commonly observed in known structures. The phosphohistidine domain is accommodated without major clashes. The conformational transition exposes Ϸ700 Å 2 of the molecular surface of the nucleotide binding domain (calculated using QUANTA). Eighteen amino acid residues that contact the phosphohistidine domain (4.5 Å cutoff criteria) become exposed to solvent. Five of these form interdomain electrostatic interactions (3.5 Å cutoff criteria) in the crystallographically observed structure. On the other hand, new interactions are formed between the pyruvate͞PEP binding domain and the phosphohistidine domain. This should be considered an approximate model that demonstrates the type of domain movement that is likely to occur. An accurate evaluation of the conformational space sampled by the linker regions and of the alternative interdomain contacts awaits the crystal structure determination of this second structural state. Because of the functional and sequence homology, a similar mechanism of phosphotransfer linked to swiveling-domain movements is expected to take place in PEP synthase and between the bacterial PTS protein pair enzyme I and HPr.
What is the driving force for this long-range conformational transition? One could speculate about two mechanistic models that are not necessarily mutually exclusive: First, the crystal structure shows that there are ample charge-charge interactions within the active sites, within the domain, and between domains; thus switching between alternative arrangements of charge-charge interactions driven by electrostatic changes due to phosphorylation may lead to the conformational transition. Because the charge distribution of this large molecule is so complex, analysis of a possible chain of events requires knowledge of the exact electrostatic interactions in both states. Second, the apparent structural independence of the two linker units, together with the ease of accommodation of the phosphohistidine domain in the depressions of either active sites, indicates that the reaction may be kinetically controlled. The phosphohistidine domain could constantly swivel, and the outcome depends on the availability of substrates. Evidence for such a mechanism may be obtained by engineering more or less flexibility into the linker regions by site-directed mutagenesis.
The mode of domain communication revealed by the crystal structure of PPDK can be contrasted with the mechanism of coupling two partial reactions catalyzed by tryptophan synthetase (37) . With two active sites located on separate subunits, the product of the first reaction diffuses through an internal tunnel shielded from solvent to arrive at the second reaction site. PPDK utilizes a very different mechanism in which the substrates͞products are remote and static, and a dynamic protein domain facilitates catalysis. This may turn out to be a general mode of communication used by many other multidomain enzymes.
